Abstract. This work presents the modeling and analysis of CMUT using the MEMS simulation software, Coventorware. A rectangular membrane CMUT of area 40µm X 20µm with 0.2µm thickness of silicon nitride as the movable membrane was designed. To reduce the parasitic capacitance, silicon substrate with gold was used as the fixed bottom electrode, and the combination of aluminium and chromium were used as top electrode. The simulations were performed using Finite Element Modeling techniques. The various parameters greatly affecting the performance of CMUT such as resonant frequency, which decides the proper operation of CMUT as a transmitter or receiver and collapse voltage, the maximum voltage which the device can withstand are analyzed. It was also observed that the resonant frequency of the device decreases as the applied bias voltage increases. The changes were found due to the interesting effect known as electrostatic spring softening.
INTRODUCTION
Increasing interest has been focused, in the last decade, on the development of sensitive and efficient Ultrasonic Transducers, because of the growing demand from the wide field of applications such as diagnostic medical imaging, non destructive tests, position detectors, flow metering, etc., The evolution of the MEMS industry has lead to new transducers called Capacitive Micromachined Ultrasonic Transducers (CMUTs) as an alternating technology over Piezoelectric Micromachined Ultrasonic Transducers (PMUTs), offering advantages such as high sensitivity, low parasitic capacitance, wide bandwidth, ease of fabricating arrays, wide temperature range, needless for impedance matching and potential for integration with electronics. This article presents the modeling and analysis of CMUT. The various performance parameters of CMUT such as resonant frequency, collapse voltage & electrostatic spring softening are analyzed [1] .
CMUTs
CMUT is an array of elements used to generate and to detect ultrasonic waves. CMUT is in principle, a parallel plate capacitor having two electrodes. The top electrode( metallized membrane) is a movable and the bottom electrode (substrate) being a fixed one. In between is the dielectric medium (either vacuum or air gap). Figure 1 shows the basic building block of a CMUT [2] . CMUT can be operated either in a transmitted mode or in a receiver mode. Transmitter mode of CMUT is used to generate ultrasonic waves and Receiver mode is to detect the ultrasonic waves.
When a static voltage is placed between the two electrodes, the membrane is attracted to the substrate by Coulombic forces. When an AC voltage is superimposed on top of the DC potential, the membrane will move in response to the signal and an ultrasonic wave is generated and launched into the environment.
If under DC bias, an ultrasonic wave approaches the membrane, it will vibrate and an output AC voltage can be measured from the device electrodes. The applied DC bias is necessary because it supplies the charge that is modulated by the membrane movement to create an AC signal [3] .
Design methodology
The designed CMUT consists of silicon as a substrate. Gold, deposited over the substrate to reduce the parasitic capacitance, acts as a bottom electrode. Then isolation layer using silicon nitride was created over the bottom electrode to provide insulation from the opposite electrode, etch stop and mechanical support for the device. Sacrificial layer was formed using amorphous silicon on top of the bottom electrode to obtain cavity. Then silicon nitride was deposited on the sacrificial layer to form membrane. Aluminium combined with chromium acts as top electrode was placed over the membrane. To protect the top electrode from the etchants, a passivation layer was created using silicon nitride. Finally, the sacrificial layer had been etched. The model designed using Coventorware is shown in the figure 2 and the materials used and its geometry are given in the table. 
Analysis & Results

Resonant frequency
The resonant frequencies and their associated mode shapes are of particular interest in designing a CMUT because they closely resemble the characteristics of an underdamped mechanical system, and they indicate when the system will have its maximum response. The device is examined for various mode shapes and its resonant frequencies of the devices are determined. The vibrating pattern of the top electrode for various modes when the voltage applied is shown below.
. Among the various modes, the mode 1 shown in figure 3 . was found to be the suitable one for the operation of CMUT because of its first harmonic type oscillation wave patterns. The other modes are not required because of its uneven oscillations.
Collapse voltage
When DC biased voltage is applied to the top electrode, the membrane gets deflected towards the bottom electrode by the electrostatic force. The restoring mechanical force proportional to the membrane deflection resists the attraction. But there exists a Voltage at which the mechanical restoring force of the membrane cannot balance the electrostatic force, hence the membrane collapses to the substrate and does not vibrate. This voltage is called Collapse Voltage. Figure 9 shows the result obtained for the designed device. It was found to be 48.4375V. Figure 10 shows the membrane deflection due to the collapse voltage. 
Spring softening
When an oscillating mechanical structure is subject to a constant electric field, the resonant frequency drops; at pull-in, it goes to zero. The "Softening" of the Resonant Frequency is often associated with points of developing instability. While the applied DC Voltage increases, the top electrode will move towards the bottom electrode. Since the two electrodes are now closer together the electrostatic force will be even greater, displacing the membrane even more towards downward. The increase in the force can be interpreted as a decrease of the spring constant (decrease in frequency) is called Spring Softening [5] . The designed CMUT device shows the evidence of spring softening. The frequencies obtained when applying 40 volts to the device in mode 1 is 5.0855 MHz.
Conclusion
The Capacitive Micromachined Ultrasonic transducer was designed and analyzed using MEMS simulation software, Coventorware. Various modes were determined, in which mode 1 found to be suitable has a resonant frequency of 5.5591 MHz. Collapse voltage of the membrane was determined to be 48.4375 volts. So it is required to have the applied voltage below the collapse voltage to prevent membrane substrate collision & thereby avoiding damage to the whole system. Also the frequency, capacitance and Electrostatic charge were studied with change in applied DC voltage in the Electrostatic spring softening analysis. The frequency due to spring softening was 5.0855 MHz. So spring softening can be reduced by increasing the spring constant of the vibrating membrane or by operating within the specified range of the biased voltage.
